Abstract: The latest LHC data confirmed the existence of a Higgs-like particle and made interesting measurements on its decays into γγ, ZZ * , W W * , τ + τ − , and bb. It is expected that a decay into Zγ might be measured at the next LHC round, for which there already exists an upper bound. The Higgs-like particle could be a mixture of scalar with a relatively large component of pseudoscalar. We compute the decay of such a mixed state into Zγ, and we study its properties in the context of the complex two Higgs doublet model, analysing the effect of the current measurements on the four versions of this model. We show that a measurement of the h → Zγ rate at a level consistent with the SM can be used to place interesting constraints on the pseudoscalar component. We also comment on the issue of a wrong sign Yukawa coupling for the bottom in Type II models.
Introduction
The ATLAS [1] and CMS [2] experiments at LHC have detected a particle with properties closely resembling those of the SM Higgs, in the decay channels γγ, ZZ * , W W * , and τ + τ − , with errors of order 20%. Decays into bb are only detected at LHC and the Tevatron in connection with the associated V h production mechanism, with errors of order 50% [3, 4] . Up-to-date LHC results can be found in refs. [5, 6] .
The discovery of pp → h → γγ can be seen as the poster child of quantum field theory: the dominating production through gluon-gluon fusion occurs at one loop; and so does the decay into γγ. Recently, ATLAS [7] and CMS [8] have reported on the search for another loop-decay, h → Zγ, finding upper bounds of order ten times the SM expectation at the 95% confidence level. This is expected to be the next interesting channel to be measured in the upcoming LHC run.
As the newfound particle is further probed, there are two interesting questions that will be considered: i) is the new particle purely scalar, or does it have some pseudoscalar component?; ii) how many scalars are there? On the first issue, we know from the existence of h → V V that h cannot be purely pseudoscalar (henceforth, V = W, Z). There are some experimental bounds on the likelihood that the 125 GeV particle is a pure pseudoscalar [9, 10] , but we are interested here in the possibility that the 125 GeV state is a mixture of scalar and pseudo-scalar components. On the second issue, although there have been some experimental fluctuations, there is currently no sign of another scalar. However, the limits are rather loose and the possibility remains that there are further scalar, including charged, that have evaded detection because its couplings are not too large. For example, in two Higgs doublet models, the fact that the observed scalar has couplings to two vector bosons in line with SM expectations forces the couplings of the heavier scalar to two vector bosons to be small.
The main objectives of this article are two-pronged. Firstly, we discuss the production and decays of a spin zero state which is a mixture of scalar and pseudoscalar, with special emphasis on a detailed discussion h → Zγ. The details are contained in the appendices. Secondly, we analyze the current bounds on the complex two Higgs doublet model (C2HDM), where the lightest Higgs is in general a mixture of scalar and pseudoscalar.
The article is organized as follows. In section 2 we summarize the C2HDM and introduce our notation. In section 3 we discuss, in turn, current constraints and future reach on the four types of flavour couplings (Type I, Type II, Lepton Specific, and Flipped). As far as we know, this is the first update on the first two types, and the first discussion of the Lepton Specific and Flipped models to use the latest Run 1 data from LHC. In particular, we also discuss the effect of future experiments, and what might be learned from h → Zγ at LHC's Run 2. In section 4, we discuss the possibility that the scalar component of the h 1 bb coupling has a sign opposite to the SM. We relate this with the situation in the real 2HDM, which has received recent interest. Finally, we draw our conclusions in section 5.
For completeness we collect in the appendices all the expressions needed for the production and decay of a Higgs boson which has a mixture of scalar and pseudo-scalar components; this includes the neutral scalars of the most general 2HDM. In particular, the expressions for the one loop decays are given in a form that can be useful for other models with a more general Higgs boson sector than the SM. We also compare our results with those that can be found in the literature.
The complex two Higgs doublet model
We consider a model with two Higgs doublets, φ 1 and φ 2 , with the Z 2 symmetry φ 1 → φ 1 , φ 2 → −φ 2 violated softly. The Higgs potential can be written as [11] V H = m ), then the phases cannot be removed. This is known as the complex two Higgs doublet model (C2HDM), and has been studies extensively in 1 refs. [12] [13] [14] [15] [16] [17] [18] [19] [20] . If arg(λ 5 ) = 2 arg(m 2 12 ), then we can choose a basis where m 2 12 and λ 5 become real and, if the vacuum expectation values (vev) of φ 1 and φ 2 are also real, we talk about the real 2HDM. Henceforth, it is implicit that the C2HDM and the real 2HDM have a softly broken Z 2 symmetry.
With a suitable basis choice, we can take the vevs real: 2) and write the scalar doublets as
GeV, and the stationarity conditions become
where
We can now transform the fields into the Higgs basis by [21, 22 ]
5) 1 Our notation differs from theirs, and agrees with [11] , in that 2m where tan β = v 2 /v 1 , c β = cos β, and s β = sin β. The Higgs basis was introduced [21, 22] such that the second Higgs does not get a vev:
In this basis, G + and G 0 are massless and, in the unitary gauge, will become the longitudinal components of W + and Z 0 , respectively. There remains a charged pair H ± with mass m H ± . In the usual notation for the C2HDM, η 3 = I 2 , and the three neutral components mix into the neutral mass eigenstates through
The orthogonal matrix R diagonalizes the neutral mass matrix
where m 1 ≤ m 2 ≤ m 3 are the masses of the neutral Higgs particles. The matrix R can be parametrized as [14] 
where s i = sin α i and c i = cos α i (i = 1, 2, 3). Without loss of generality, the angles may be restricted to [14] 
The relation between the Higgs basis and the mass basis is
The computation of the bounds from the oblique radiative corrections in eqs. (388) and (393) of ref. [11] requires the matrix T = R T H R T in eq. (381) of ref. [11] .
Given an arbitrary relative phase, the Higgs potential in eq. (2.1) has 9 independent parameters. We follow ref. [15] , and trade these for v and for the 8 input parameters β, m H ± , α 1 , α 2 , α 3 , m 1 , m 2 , and Re(m 2 12 ). With this choice, m 3 is given by
. (2.14)
Of course, we are only interested in those cases where m 2 3 > 0, and, due to our mass ordering, m 2 3 > m 2 2 > m 2 1 . This places constraints on the relevant parameter space. The Higgs potential in eq. (2.1) can be reconstructed through
We have checked that, using eq. (2.14), we reproduce the results in eq. (B.1) of ref. [19] .
To compute the decays of the lightest Higgs we need the couplings h 1 V V (V = W, Z), h 1 H + H − , and h 1f f for some fermion f . These can be obtained from the Higgs potential, the covariant derivatives, and the Yukawa potential, respectively. As shown in ref. [20] , the h 1 V V and h 1 H + H − can be written, respectively, as in eqs. (A.3) and (A.2), with
and 
Simulation procedure and results
For our fit procedure, we generate points in parameter space with m 1 = 125 GeV, the angles α 1,2,3 within the intervals of eq. (2.11), 1 ≤ tan β ≤ 30, m 1 ≤ m 2 ≤ 900 GeV, −(900 GeV) 2 ≤ m 2 12 ≤ (900 GeV) 2 , and 340 GeV ≤ m H ± ≤ 900 GeV (Type II and Flipped), or 100 GeV ≤ m H ± ≤ 900 GeV (Type I and Lepton Specific).
The ranges for m H ± and tan β where chosen to comply with the constraints from Z → bb, b → sγ, and other B-Physics results. The constraints are basically the same in the complex and real 2HDM because the charged Higgs couplings to fermions coincide -see, for example, appendix C of [19] . In Type II and Flipped, Z → bb implies tan β 1 while b → sγ excludes values of m H ± below 360 GeV, at the 95% confidence level, with only a very mild dependence on tan β [23] [24] [25] [26] . In Type I and Lepton Specific, tan β 1 still holds, but m H ± can be as low as ∼ 90GeV, even after the LHC results on pp → tt with decay into H +b [27, 28] . The ranges we have chosen for m H ± and tan β conform to rather conservative bounds from these and other B-Physics experiments, and, for comparison purposes, were taken to coincide with the constraints in refs. [29, 30] Given a set of input parameters, m 2 3 is obtained from eq. (2.14). With our conventions, one should only take points where m 2 3 > m 2 2 . Then, we derive the parameters of the scalar potential from eqs. (2.15), and maintain those points which provide a bounded from below solution [31] , conforming to perturbative unitarity [32] [33] [34] , and the oblique radiative parameters S, T, U [35, 36] . After implementing this algorithm, we have a collection of possible C2HDM data points.
We generate the rates for all channels, including all production mechanisms. We use the expressions in the appendices, and utilize HIGLU [37] at NNLO for gg → h (gluon fusion), SusHi [38] at NNLO for bb → h, and ref.
[39] for V h (associated production), tth, and V V → h (vector boson fusion). The expressions for the decay rates are obtained in the appendices. In particular, h → Zγ is explained in great detail in C and D.2, for a generic scalar/pseudoscalar mixed state h. Finally, we compute the ratio of rates
where σ is the cross section for Higgs production, Γ[h → f ] is the decay width into the final state f , and Γ[h → all] is h's total width. The ratios µ f can then be compared with those quoted by the experimental collaborations. For definiteness, our discussions will be based on the ATLAS [40] and CMS [41] results presented in the plenary talks at ICHEP2014, which we summarize in table 2. Notice that the errors are still important; combining ATLAS and CMS would lead to errors of order 20% in V V , γγ, and slightly larger in τ + τ − . On the other hand, the errors on bb, which is only detected in associated production, are of order 50%. In particular, ATLAS excludes the SM µ γγ = 1 (µ ZZ = 1) at 2-σ (1-σ), while CMS is within 1-σ of the SM on all channels.
Type I model
To study the effect of current experimental bounds on the pseudoscalar content of the 125 GeV Higgs, we follow ref. [20] and study three sets of points: points where the h 1 is mainly scalar, with |s 2 | < 0.1 (in green/light-grey in the simulation figures to be shown below); points where the h 1 is mainly pseudoscalar, with |s 2 | > 0.85 (in red/dark-grey in the simulation figures to be shown below); points where the h 1 is a almost even mix of scalar and pseudoscalar, with 0.45 < |s 2 | < 0.55 (in blue/black in the simulation figures to be shown below). To compare with current experiments, all figures in this article will be drawn for processes at 8 TeV, except were noted otherwise. The exceptions are figures drawn at 14 TeV, designed to foresee future experimental reaches. Nevertheless, we have checked that there are very small differences between 8 TeV and 14 TeV, for the figures that interest us. As explained in [30] , this is due to the fact that the ratio between the dominant and sub-dominant gluon fusion production mechanisms (which, in the two Higgs doublet model, can be relevant with both top and bottom quarks in the loop) remains very similar as one changes from 8 TeV to 14 TeV in our HIGLU simulations.
Our results for µ ZZ versus µ γγ are shown in the left panel of fig. 1 . This can be compared with fig. 1 of ref. [20] . We get qualitatively the same results, meaning that |s 2 | > 0.85 is excluded by CMS at 1-σ. Also, larger values of µ γγ are obtained with 0.45 < |s 2 | < 0.55 than with |s 2 | < 0.1. Thus, a putative future result of, for example, µ γγ = 1.3 ± 0.1 (consistent with the current ATLAS bound) would imply that the Higgs found at LHC has comparable scalar and pseudoscalar components. Notice from the left panel of fig. 1 that this would be consistent with µ ZZ ∼ 0.9 but less so with µ ZZ ∼ 1.
On the right panel of fig. 1 , we show our results in the µ γγ − µ τ + τ − plane. This can be compared with fig. 2 of ref. [20] which shows µ bb considering, as we correct below, all production channels. There is qualitative agreement, but there are subtle differences, because we are using the latest version of HIGLU [37] , and, eventually, different PDF's and energy scales. The difference is apparent when plotting µ τ + τ − as a function of tan β. As shown in ref. [30] , µ τ + τ − is very sensitive to the production rates (and, thus, should be interpreted with care), while µ γγ and µ Zγ are not. With this caution, we find that values as large as µ τ + τ − ∼ 2 are allowed. If one requires µ γγ ∼ 1, then µ τ + τ − lies roughly between 0.4 and 1.4.
In ref. [20] , µ bb was calculated using all production channels. Here we use exclusively the V h production mechanism that allows detection at LHC. Our results are shown on the left panel of fig. 2 . In the Type I model, µ bb (V h)
1.1 for all values of |s 2 |, and µ bb (V h) 0.35 for |s 2 | > 0.85. Thus, we learn that CMS excludes again |s 2 | > 0.85 at 1-σ (recall that even the SM ZZ and γγ are outside ATLAS' 1-σ intervals), and a good measurement of µ bb (V h) will be useful in ruling out large pseudoscalar components. Now we turn to one of the main motivations for this work. The right panel of fig. 2 shows our results in the µ γγ − µ Zγ plane. We notice that large pseudoscalar components (large |s 2 |) imply small values for µ Zγ . There are two points to stress. First, there is a strong correlation between µ Zγ and µ γγ , even when all values of s 2 are taken into account. Second, that correlation is partly connected with s 2 . This can be seen in the blue/black regions of figs. 3, where we see that large values of µ Zγ and µ γγ are only possible around s 2 ∼ 0 and h 1 with a large scalar component. In contrast, a large pseudoscalar component implies very small values for both µ Zγ and µ γγ . As a result, a value of µ Zγ ∼ 1 would be very efficient in ruling out a large pseudoscalar component. Figs. 3 also show in red/darkgrey (cyan/light-grey) the allowed regions if we assume that the measurements of µ V V at 14 TeV will center around unity with a 20% (5%) error. The V V constraint implies that µ γγ and µ Zγ are expected to lie close to their SM value in the C2HDM and that |α 2 | should lie below 50 degrees. A similar analysis of the impact of V V , shows that α 3 can take any value and that |α 1 | should be larger than about 60 degrees.
Type II model
The results obtained in Type II for µ ZZ versus µ γγ are shown in the left panel of fig. 4 . In this model, values as large as µ γγ ∼ 2.5 and µ ZZ ∼ 3 are allowed for small values of s 2 . In contrast, |s 2 | > 0.85 forces both to be smaller than 0.8. This means that even the high central values quoted by ATLAS are consistent with a Type II C2HDM where h 1 has a dominant scalar component. In fact, one can find s 2 < 0.1 but also a few 0.45 < |s 2 | < 0.55 points within the ATLAS and CMS 1-σ bounds. As occurred in Type I, both experiments exclude a large pseudoscalar component (|s 2 | > 0.85) at more than 1-σ. However, in contrast to Type I, here the largest values of µ γγ occur for s 2 < 0.1 and not for 0.45 < |s 2 | < 0.55. That is, in Type I a large value (µ γγ ∼ 1.2) favors a comparable scalar/pseudoscalar mix, while in Type II a large value (here, µ γγ ≥ 1.2) favors a pure scalar.
Curiously, the situation is the reverse when one considers µ τ + τ − , which we show on the right panel of fig. 4 . For example, for µ γγ ∼ 1, a value of µ τ + τ − ∼ 1.3 favors an even scalar/pseudoscalar mix over the pure scalar solution. In contrast, |s 2 | is less easily constrained from µ bb (V h), although µ bb (V h) 0.4 rules out |s 2 | > 0.85. Looking at the various channels, both CMS and ATLAS rule out |s 2 | > 0.85 by more than 2-σ in Type II C2HDM. Better measurements of γγ, τ + τ − , and bb(V h) will be instrumental in determining s 2 .
Next, we consider the simulations for Zγ, shown in on the left panel of fig. 5 . Large values for µ Zγ are possible for small |s 2 |. Comparing with the right panel of fig. 2 we see that in Type II much larger values of µ Zγ (and of µ γγ ) are allowed, but that there is still a strong correlation between the two which, again, is partly due to s 2 . This is shown on the right panel of fig. 5 , where we see that large values of µ Zγ require large values of µ V V and correspond to an almost pure scalar. Measurements of µ V V within 20% of unity, force µ Zγ ∼ 1 and require |α 2 | 50 degrees. This puts a further bound on a large pseudoscalar component.
Lepton Specific model
In this case, the results for µ ZZ and µ bb (V h) versus µ γγ are very similar to those presented on the left panels of figs. 1 and 2 for Type I, respectively. The same holds for µ Zγ , shown on the right panel of fig. 2 . Minute differences are as follows. Close to µ γγ ∼ 1, one can get slightly larger values for µ ZZ , up to approximately 1.1. Conversely, µ γγ 1.1 here, while µ γγ 1.3 in Type I. Here, as in Type I, |s 2 | > 0.85 forces µ bb (V h) < 0.3. Thus, a good measurement of µ bb (V h) will be instrumental in ruling out large pseudoscalar components.
As expected, the situation for µ τ + τ − differs, as shown in fig. 6 . A large pseudoscalar component (|s 2 | > 0.85) forces µ τ + τ − > 1.2 when µ γγ > 0.1. These values are ruled out by CMS at 1-σ. ATLAS, on the other hand, is barely consistent with these values for µ τ + τ − , but rules out this model (and the SM) in µ γγ at 1-σ.
Flipped model
The results for µ γγ , µ ZZ , µ bb (V h), and µ Zγ in this model, are similar to those for Type II. Slight differences are as follows. Here µ γγ (µ ZZ , µ γγ ) can only be as large as 2.2 (2.5, 2.4), while one could achieve 2.5 (2.9, 2.8) in Type II. The situation for µ bb (V h) is virtually the same. In particular, |s 2 | > 0.85 is ruled out at 1-σ by both ATLAS and CMS.
The situation is very different for µ τ + τ − , as shown on the left panel of fig. 7 . Notice that one can find points as large as µ τ + τ − = 7.5 for reasonable values of µ γγ ∼ 1. As mentioned in ref. [30] , constraints on µ V V have a very strong impact on predictions in Type II and Flipped models, which have a simple trigonometric interpretation. One might wonder whether large values for µ τ + τ − are consistent with µ V V . This is shown on the right panel of fig. 7 : the red/dark-grey (cyan/light-grey) are those points which obey µ V V = 1 within 20% (5%). We see that large values of µ τ + τ − are still allowed. Thus, µ τ + τ − will have an enormous impact in probing the Flipped C2HDM.
4 Wrong sign h 1 bb couplings in Type II C2HDM
Recently there has been great interest in probing the wrong sign hbb couplings, in the context of the real 2HDM [29, 30, [42] [43] [44] . Here we discuss for the first time this issue in the context of the Type II C2HDM. In the Type II real 2HDM the coupling of h 1 = h with the down-type quarks and the charged leptons may be written as m f k D /v, where m f is the mass of the appropriate fermion, and
Here, α is the angle mixing the two CP even scalar components into a light scalar h and a heavy scalar H. Thus, sin α negative (positive) corresponds to the (opposite of the) SM sign for k D in Type II. Given the experimental lower bound on tan β, the coupling to the up-type quarks in Type I and Type II, as well as the coupling to the down-type quarks in Type I cannot have the wrong sign. The regions of Type II with right and wrong sign are disjoint in that the current measurements of µ V V force sin (β − α) ∼ +1 when k D > 0 and sin (β + α) ∼ +1 when k D < 0 (dubbed, the wrong-sign solution). To be precise and independent of the phase conventions leading to the usual choices for the ranges of α, one should talk about Ck D > 0 as the right sign solution and Ck D < 0 as the wrong sign solution, where C = sin (β − α) is the hV V couplings in the real 2HDM, divided by the h SM V V coupling in the SM. 2 The situation is rather different in the C2HDM because, according to eq. (A.1), there are two couplings of h 1 with the fermions: the scalar-like coupling a, and the pseudoscalarlike coupling b. We follow the spirit of refs. [20, 29] and assume that experiments have obtained the SM values for µ ZZ , µ γγ , and µ τ + τ − within 20%. Denoting by sgn(C) the sign of C, we show in fig. 8 a simulation in the sgn(C) sin (α 1 − π/2)-tan β plane. This reduces to the well known sin α-tan β plane of the real 2HDM, with the usual angle conventions, when we take the limit |s 2 | → 0 and |s 3 | → 0. In cyan/light-grey we show the points which pass µ V V = 1.0 ± 0.2; in blue/black the points that also satisfy |s 2 |, |s 3 | < 0.1; and in red/dark-grey the points that satisfy |s 2 |, |s 3 | < 0.05. The left panel of fig. 8 should be compared with the right panel, obtained in the real 2HDM. The left leg of that panel corresponds to sin (β − α) ∼ 1 and the right sign solution, while the right leg corresponds to sin (β + α) ∼ 1 and the wrong sign solution. We see that, for generic s 2 and s 3 , the two regions are continuously connected. In contrast, when |s 2 |, |s 3 | < 0.05, we tend to the disjoint solutions of the real 2HDM, as we should.
The constraints on the sgn(C) a D -sgn(C) b D plane are shown on the left panel of fig. 9 . We see that sgn(C) a D can have both signs (as it could in the CP conserving limit, where a D = k D ), and so can sgn(C) b D . Moreover, these different regions are continuously connected. In the C2HDM there is still a very large region of either negative sign permitted. The situation will be altered if future measurements fix µ V V , µ γγ , and µ τ + τ − to within 5% of the SM, as shown on the right panel of fig. 9 . In that case, there will be almost no region with sgn(C) a D < 0. This is consistent with the disappearance of the negative k D region in the real Type II 2HDM when the measurements reach the 5% level [29] . However, in the C2HDM some points with sgn(C) a D ∼ −0.4 are allowed, if one also has a large pseudoscalar coupling sgn(C) b D ∼ −0.8.
In the real 2HDM, the lower bound tan β > 1 implies that the coupling of htt must be positive. In the C2HDM, it is still true that the scalar like coupling sgn(C) a U must be positive, but the pseudoscalar like sgn(C) b U can have either sign. This is illustrated in fig. 10 , for measurements within 20% (left panel) and 5% (right panel) of the SM. Notice that µ γγ forces the figure into the outer rim, and that adding µ τ + τ − forces sgn(C) a U ∼ 1 and |b U | 0.2. This shows that the line of blue/black points which one guesses on the right panel of fig. 9 corresponds to sgn(C) a U ∼ 1.
A final point of interest concerns the effect on delayed decoupling. In the real 2HDM, wrong sign solutions exist only with k D ∼ −1. In fact, as explained in [30] , a rather simple trigonometric explanation justifies that a 20% bound on µ V V implies an even better Figure 10 . Results of the simulation of Type II C2HDM on the sgn(C) a U -sgn(C) b U plane of scalar-pseudoscalar couplings of h 1 tt. On the left panel (right panel) we assume that the measurements come from current data at 8 TeV (prospective data at 14 TeV) and are made within 20% (5%) of the SM. Constraints from µ V V are in cyan/light-grey, from µ γγ are in red/dark-grey, and from µ τ + τ − are in blue/black. Figure 11 . Results of the simulation of Type II C2HDM on the sign(C) a D -λ plane. On the left panel (right panel) we assume that the measurements come from current data at 8 TeV (prospective data at 14 TeV) and are made within 20% (5%) of the SM. Constraints from µ V V are in cyan/lightgrey; adding constraints from µ τ + τ − (µ γγ at 5%) only the points in red/dar-grey survive; adding constraints from µ γγ (µ τ + τ − at 5%) only the points in blue/black, survive. determination of sin 2 (β − α) for a given tan β. 3 As pointed out in ref. [29] , this solution exists if and only if the charged Higgs loop gives a contribution of order 10% to h → γγ, due to the fact that the hH + H − coupling λ -see Eq. (A.2) -exhibits a non-decoupling with the charged Higgs mass, curtailed only by the requirements of unitarity. In fig. 11 , we show what happens to λ as a function of a D multiplied by the sign of C. On the left panel of fig. 11 , the points in cyan/light-grey pass µ V V = 1 within 20%. The points in red/darkgrey pass this constraint and, in addition, µ τ + τ − = 1 within 20%. The points in blue/black pass the previous two constraints and, in addition, µ γγ = 1 within 20%. These simulations were made at 8 TeV to allow a feeling for the current constraints. The colour code on the right panel are: cyan/light-grey points pass µ V V = 1 within 5%; red/dark-grey points pass in addition µ γγ = 1 within 5%; blue/black points pass the previous two constraints and, in addition, µ γγ = 1 within 5%. These prospective simulations have been drawn at 14 TeV.
From the left panel of fig. 11 , we see that in the C2HDM one can have any value for sign(C) a D between around −1.1 and 1.05. This is different from the real 2HDM where k D ∼ 1 and k D ∼ −1 form two disjoint solutions. The difference, of course, is due to the fact that in the C2HDM there is a new pseudoscalar coupling b D . But there is a similarity. Indeed, values of sign(C) a D ∼ −1 correspond to non-negligible values for λ, as seen on the left panel of fig. 11 . This is the analogous of the delayed decoupling found for k D ∼ −1 solutions found in the real 2HDM. The right panel of fig. 11 shows again that a putative 5% future measurement around the SM to be made at 14 TeV will eliminate almost all the sign(C) a D < 0 points.
Conclusions
The 125 GeV particle found at LHC could have a pseudoscalar component. We discuss in detail the decay of a mixed scalar/pseudoscalar state into Zγ, which will be probed in the next LHC run. We consider the constraints that current experiments impose on the four versions of the C2HDM and discuss the prospects of future bounds, including h → Zγ. This provides an update of Type I and Type II, and the first discussion of current constraints on the Lepton Specific and Flipped C2HDM.
In the C2HDM, the parameter s 2 measures the pseudoscalar content, with s 2 = 0 (|s 2 | = 1) corresponding to a pure scalar (pseudoscalar). The fact that ATLAS has a rather large central value for µ γγ places strong limits on C2HDM, but it also disfavours the SM at 2-σ. But, even excluding this constraint, we find that current experiments already disfavor a large pseudoscalar component |s 2 | > 0.85, at over 1-σ level in all C2HDM versions.
As for future experimental reaches, we find that in all types of C2HDM a better measurement of µ bb (V h) ∼ 1 will exclude large values of the pseudoscalar component s 2 . Similarly, a measurement of µ Zγ ∼ 1 will also exclude a very large s 2 component. The Flipped C2HDM is special in that one can have µ τ + τ − ∼ 7 and, thus, the τ + τ − channel will be crucial in probing this model.
Finally, we have discussed the possibility that the scalar component of the Type II C2HDM h 1coupling (a) has a sign opposite to that in the SM. The fact that the C2HDM also has a pseudoscalar component of the h 1coupling (b) gives more room for differences than are possible within the Type II real 2HDM. We found that the up quark coupling sgn(C) b U can have either sign, while sgn(C) a U must be positive. If future experiments yield µ V V , µ γγ , and µ τ + τ − within 5% of the SM, then sgn(C) b U can still have either sign, but sgn(C) a U = 1 to very high precision, corresponding to the limit 
A Production and Decay rates

A.1 Lagrangian
The appendices contains the production and decay rates for a scalar particle with both scalar and pseudo-scalar components. We assume that the SM particles except the Higgs follow the usual lagrangian, that there are H ± particles with the usual gauge-kinetic Lagrangian, and that the new scalar/pseudoscalar particle h has the following interactions:
where a, b, and C are real, c W = cos θ W , and θ W is the Weinberg angle. In the limit, a = C = 1, and b = λ = 0, we obtain the SM. We use the notation for the covariant derivatives contained in Romão and Silva [45] , with all etas positive, which coincides with the convention in [46] . Some relevant vertices are
These couplings were checked for the 2HDM with FeynRules [47] with the conventions of Romão and Silva [45] for positive ηs.
A.2 Tree level production and decay
In this article, we use
where m is the mass of the relevant particle while m h = 125 GeV. This is the notation of [46] . In [20, 48, 49] the notation is τ (theirs) = τ −1 .
The decays into fermions are given by
where N c = 3 (N c = 1) for quarks (leptons) and
The decays into two vector bosons are given by
and the partial decay widths in the SM-Higgs case in the two-, three-and four-body approximations, Γ SM (h → V ( * ) V ( * ) ), can be found in Section I.2.2 of ref. [48] . For the vector boson fusion (VBF) and associated (VH) productions, we find
while, for the bb production,
We point out that the expressions shown here hold for any model with the effective Lagrangians of Eqs. (A.1)-(A.3) . Also, there is no interference between the scalar a couplings and the pseudoscalar b couplings in Eqs. (A.6) or (A.9).
B Amplitudes for h → γγ
B.1 Fermion Loop
The relevant interaction for the fermion loop is in (A.1). The one-loop amplitude reads
where C 0 is one of the Passarino-Veltman [50] scalar loop integrals. Their relation with other expressions for the one loop integrals is explained in appendix E. Note that the definition of the amplitude in eq. (B.1) is the same as in ref. [46] , but differs by an irrelevant global sign from the definition in refs. [20, 48] . To make contact with the more conventional notation we define
We then get
Finally, using
where f (τ ) is the function defined in the Higgs Hunter's Guide [46] ,
we obtain (summing over all fermions)
B.2 Gauge boson loops
As the only modification introduced by the new Lagrangian is a multiplicative constant C, we can use the SM result (C = 1 in the SM). Using the same notation as in eq. (B.3), we get [46] ,
and, of course, Y γγ W = 0.
B.3 Charged Higgs loops
We get for the three diagrams contributing to this process,
In the notation of eq. (B.3) we get
Note that this is in agreement with eq. (2.17) of ref. [46] , despite the apparent sign difference, because our definition of the coupling, in eq. (A.2), also differs in sign from their eq. (2.15). So we are in complete agreement with ref. [46] . With respect to ref. [20] , if we compare with their eqs. (A.8) and (A.4), again we differ by a global sign and we are, therefore, in agreement. The same holds for ref. [48] .
B.4 Renormalization and gauge invariance
As is well known, the loop contributions to h → γγ should be finite and gauge invariant. This is not achieved on a diagram by diagram basis, but, rather, this should be true after adding all the diagrams. With the help of FeynCalc [51] , we have explicitly verified this.
C Amplitudes for h → Zγ
C.1 Fermion Loop
With the kinematics h(p) → Z(q 2 )γ(q 1 ), the fermion loop yields an expression similar to the one for h → γγ:
Again, defining
we get (summing over all the fermions)
C.2 Gauge boson loops
As the only modification introduced by the new Lagrangian is a multiplicative constant C, we can use the SM result (C = 1 in the SM). Using the same notation as in eq. (B.3), we get
and, of course, Y Zγ W = 0.
C.3 Charged Higgs loops
There are three diagram contributions to this process. Adding them, we get
Defining, as before,
we get
These results agree with Ref. [46, 48] , except for an irrelevant global sign. See Section E.2 for details.
C.4 Renormalization and gauge invariance
It is known that a counterterm in needed in order to get a finite result for this process [52] . This happens despite the fact that there is no tree level coupling hZγ. But, as explained in ref. [52] , the existence of the coupling hZZ and the renormalization of the mixing Zγ leads to a counterterm. In that work, the authors were mainly concerned with the divergent part and did not write the full counterterm. With our conventions here 4 we should write instead of their eq. (2.16):
γ is the Euler constant, and µ is the parameter introduced in dimensional regularization to correct for the fact that the electric charge is no longer dimensionless in d = 4. Apart from a global minus sign, the divergent part is precisely equal to eq. (2.16) of ref. [52] . But there is an important point here concerning the finite parts. If we do not take the counterterm as in eq. (C.11), we will not be able to cancel the dependence on the scale µ when we sum all the irreducible diagrams. We have checked this by evaluating all the reducible diagrams and showing that these sum to the counterterm, that is
So, in the end, we get a finite result that does not depend on the scale µ. Sometimes it is stated that to get the correct finite result for the on-shell hZγ threepoint function all we have to do is to add to the irreducible diagrams the sum of the reducible diagrams, ignoring the counterterms. For completeness, we include here an explanation of this statement. To be precise, one should add all relevant one loop diagrams, including reducible, irreducible and counterterms, as shown in fig. 12 .
The last two diagrams in fig. 12 , which involve the Goldstone boson G 0 , vanish. One may keep either of them in or exclude it at will. Moreover, the fact that we are using the on mass shell renormalization, means that the third and fourth diagrams in fig. 12 add to zero, as shown diagrammatically in fig. 13 .
Thus, we are left with the first two diagrams in fig. 12 . We will now show that adding the first and third diagram in fig. 12 yields the same result (as explained above, the fifth and sixth diagrams vanish and, thus, are optional). To understand this, we have to realize that the counterterm δZ hZγ on the second diagram of fig. 12 and the counterterm δZ Zγ in the photon leg on the fourth diagram of fig. 12 are related. To show this, we start with the relevant part of the Lagrangian
and perform the shifts
(C.15)
After using g = g tan θ W and
As the mixing term in Z µ A µ is already first order in the corrections, we do not need to perform the shifts in v and h to get, finally,
Let us now evaluate the diagram with the counterterm in fig. 13 . We have, for on-shell photon (q 2 1 = 0),
where we have used eq. (C.18) and M W = 1 2 g v. We obtain the result in fig. 14. Having established that the calculation can be performed exclusively with the first and second diagrams in fig. 12 , and combining figs. 13 and 14, we obtain the result in fig. 15 , which we were seeking. That is: as often stated, one can add all reducible and irreducible diagrams, ignoring the counterterms. 
D Widths for loop decays
The total width is given by
In this case, | q 1 | = m h /2, and
Putting everything together, and including the factor 1/2 for identical particles, we get the final result E Relation between the Passarion-Veltman functions and loop functions
When we compute the one-loop diagrams, as we did, using FeynCalc [51] , the result is naturally presented in terms of the well-known Passarino-Veltman integrals [50] . These are in general complicated functions of the external momenta and masses and usually only possible to be expressed in terms of very complicated functions. Normally it is better to evaluate them numerically and for that there is the package LoopTools [53] . However for special situations, like zero external momenta or equal masses in the loops, these loop integrals have simpler forms and can be expressed in terms of simple functions. This is the case for the loops studied here and we present in this appendix the relations of these Passarino-Veltman integrals with other representations found in the literature.
E.1 The integrals for h → γγ
In this decay, all results can be expressed in terms of the Passarino-Veltman integral C 0 (0, 0, m 2 h , m 2 , m 2 , m 2 ), where m is the mass of the particle running in the loop. We have already given in eq. (B.5) the relation with the function f (τ ) defined in the Higgs Hunter's Guide [46] , where f (τ ) is defined in eq. (B.6).
E.2 The integrals for h → Zγ
In the Higgs Hunter's Guide [46] , a different set of integrals, I 1 (a, b) and I 2 (a, b) were introduced. They are defined as follows:
where f (τ ) was defined in eq. (B.6), and g(τ ) is given by
(E.4)
Comparing their results with our results and those of ref. [52] , we get 
We have checked these equations numerically with the help of the package LoopTools [53] Using these relations, one can check that our eqs. (C.3), (C.6) and (C.10) agree with eqs. (C.12), (C.13) and (C.14) of ref. [46] up to an overall sign. We notice that our coupling to the charged Higgs translate into their notation
(E.9)
There is no equivalent result to our eq. (C.4) in Ref. [46] , but we are in agreement with Ref. [48] up to global signs. However we warn the reader that the definitions of I 1 , I 2 and g(τ ) in eqs. (2.55) and (2.56) of Ref. [48] are not consistent.
F Production and decay involving gluons
Relating with the expression for the γγ decay, we find 
